Abstract: An optimization inversion model of the ground stress field of Bohai Sea and its adjacent area is established by combining Hooke-Jeeves optimization algorithm and finite element method. The study area was simplified into two 2D sections, a shallow and a deep section, for optimization inversion analysis in consideration of the spatial distribution of the measuring points. The main faults in the study area were simulated by 2D surface to surface contact model, in which the friction state between hanging wall and footwall was modeled by Coulomb friction model. The objective function is established by least squares method, according to the difference values between calculated ground stress data and measured ones. The results show that a plausible ground stress field distribution of Bohai Sea and its adjacent area can be obtained with less data by the optimization inversion method. When there are less measuring points, the optimization inversion result can be easily affected by the distribution of measuring points and the distance of each measuring point to the model boundary; when there are more measuring points, the inversion errors at the checkpoints can be obviously reduced and a more reasonable integrated inversion result can be obtained.
INTRODUCTION
Bohai Sea, located in the central part of Bohai Bay Basin, is the relative concentration region of offshore oil and gas development in china, as it is one of the hydrocarbon enrichment areas in Bohai Bay Basin. But meanwhile, the Bohai Sea area has been the most intense area of tectonic activity in East China since the Neogene, with high repetition of strong earthquake (Feng et al., 1988; Lai et al., 2007) . Therefore, the ground stress distribution of this area is very complicated. It has been known that the ground stress field has not only important influence on hydrocarbon migration, accumulation and preservation (Zeng et al., 2010; Sun et al., 2008) , but also on the oil and gas engineering construction (Chen and Feng, 2006; Kang et al., 2010) . To carry out the study of stress distribution of Bohai Sea area can provide useful references for the development of offshore oil and gas of this area.
At present, the ground stress fields obtained by different disciplines or methods may be different, even contradictory (Xu et al., 1999) . Although Finite Element Method (FEM) has been considered to be a fast and effective method for stress field calculation, the boundary condition, loading mode and the initial stress state are usually the difficult problems, because of the complexity and uncertainty of geological structure. A two-dimensional finite element model has been used by Chen et al. (2005) for the stress distribution of Bohai Sea area. In this model, the influence of original tectonic stress was neglected; the boundary conditions were applied according to the GPS observation data and the stress field in a large region. The simulation result didn't have absolute meaning and only the change trend of deformation field can be obtained. In other study areas, the boundary load trial-and-error method and boundary load adjustment method were used for ground stress field analysis (Chen et al., 2004 (Chen et al., , 2002 . However, these methods not only have higher requirement for the analysts, but also need huge workloads.
Optimization inversion method, in which the optimization technique and FEM were automatically combined, has been proved to be a convenient and effective method for the stress inversion with less measuring points (Guo et al., 2008) . In this method, the objective function can be established by the error function between the simulation results and the measured data. The optimal result can be obtained by approximating the minimum value of the objective function with optimization algorithm. The HookeJeeves algorithm (Hooke and Jeeves, 1961) , which doesn't need to compute the derivative of objective function, has a simple calculation process and can converge quickly under certain conditions. In view of this, in this study, the Hooke-jeeves optimization algorithm and FEM are combined for the optimization inversion of the ground stress field of Bohai Sea and its adjacent area. 
OPTIMIZATION INVERSION MODEL

Finite element model:
For the inversion calculation of ground stress, a certain amount of measured stress states are needed for the construction of optimization object function. According to the measured data, it can be found that measuring points are mainly distributed in two depth ranges (0~100 m and 2.0~2.5 km). Therefore, the measuring points of different depths are Bohai Bay Basin has been under a push compression action since the Neogene, because of the convergence of Indian plate and Eurasia plate and the subduction of the Pacific Ocean plate underneath the Eurasian plate (Li et al., 2009; Zhang et al., 2004) . So, the boundary conditions of the finite element model are simplified as follows: pressure and shear force are applied on the eastern and western boundaries, with the direction of the resultant force are all nearly eastwestward; displacement constraints are applied on the southern and northern boundaries, because of the barrier of Liaoxi uplift and Luxi uplift.
As an important factor of having great influence on the ground stress, the main faults in the study area are simulated by the 2D surface-to-surface contact model, in which the Coulomb friction model is used for the contact state of hanging wall and footwall. The 2D plane element with eight nodes is used in the finite element model and there are 37425 elements and 110145 nodes, which are shown in Fig. 2 .
Optimization inversion model:
The optimization inversion process is as follows: firstly, a parameter vector of initial load is preset and the corresponding stress values of the measuring points are calculated by finite element method. According to the optimization algorithm, the parameter vector is changed step by step until the optimization objective function reach the minimum value, which means that the calculated stress values of measuring points approximate well to the measured values. Considering the complexity of optimization inversion of ground stress field, it is still needed to add some constraint conditions in order to make sure the stability and uniqueness of the solution. The ground stress optimization inversion model of Bohai sea area is expressed as follows: From Eq. (2), it can be found that the error function include two kinds of dimension, which are the stress magnitude and direction. If this function is used, a and b must be determined first. However it is hard to find suitable values of a and b and they can be easily affected by subjective factors. In view of this, the error function was modified with ߪ ௫ , ߪ ௬ , ߬ ௫௬ , which can be obtained by converting the measured stress into the model coordinate system. Then the error function can be written as follows: Based on the proposed optimization inversion idea and method, the optimization variables, pressure and shear forces on the boundaries, are applied in the forms of resultant force and angle. In this study, there are ten variables of pressure values and directions on the eastern boundary and eight variables on the western boundary. The stress data, obtained by in-situ stress measurement, hydraulic fracturing and mathematical regression method, are used for the establishment of error function, according to Eq. (3). The Hooke-Jeeves algorithm is used in this study. The objective function is established according to the measured values of the The whole optimization process is completed by the MATLAB program and in each circulation step, ANSYS would be called in batch mode for the trial calculation. The distribution of measuring points is shown in Fig. 3 .
RESULTS AND DISCUSSION
Optimization inversion analysis of shallow section: Table 1 shows the stress data of seven measuring points. In order to verify the optimization inversion results, six points are chosen to establish the objective function and the left one is used as the checkpoint. Considering the influence of measuring point distribution on optimization result, the seven points were arranged to be the checkpoint in turns. Table 1 shows the optimization results and measured stress of shallow section. It can be found that when the point of A7 was chosen as the checkpoint, the minimum errors of optimization inversion results can be obtained. The optimization results of the measuring points involved in optimization process have relatively small errors with the measured values. The maximum errors of the values and directions of the maximum and minimum horizontal principal stress occurred at the point of A2, which is 5.47 Mpa, 2.97Mpa and 11.05° respectively. This was mainly caused by the boundary effect. For the checkpoint of A7, the corresponding errors are relative small, which is 0.24 Mpa, 0.16 Mpa and 6.53° respectively. Table 2 shows the relative errors of shallow section under the cases of different checkpoints. It can be found that when the same number of measuring points is used to establish the objective function, their spatial distribution have certain influence on the optimization results. When A1, A2 and A3 are respectively chosen as the checkpoint, the errors at the checkpoints are relatively higher than those of the other four points used as the checkpoints. The maximum error occurs in the case of A2 used as checkpoint. It is considered through analysis that, there are two main reasons for this phenomenon:
• A1, A2 and A3 are relatively close to the model boundary, so the result can be affected by the boundary effect. In case A1, A2 and A3, the checkpoint is relatively far from the left six points compared with other cases and because of the limit of algorithm, the farther the checkpoint is from the other points, the lower the optimization inversion precision is. Optimization inversion analysis of deep section: As the same optimization inversion process of shallow section, B2, B4 and B14 are chosen as the checkpoints at the same time, considering the distribution uniformity of measuring points. Limited by the measuring technique, the values and directions of the maximum and minimum horizontal principal stress of some measuring points can't be obtained simultaneously. So, it is the measuring points with stress value and direction or those with only stress value that are used for the establishment of objective function. For the points with only stress direction, they are constrained by state variables with error of ±10°. Table 3 shows the optimization results and measured stress of deep section. It can be seen that, all errors of the maximum horizontal principal stresses are smaller than 10 Mpa, except for the points of B1 and B8 whose errors are respectively 14.1 and 11.3 Mpa. For the principal stress direction, the errors are all smaller than 10°. The maximum error of stress value and direction of the three checkpoints is, respectively 7.98 Mpa, 6.1 Mpa and 5°. So it can be consider that the stress values and directions obtained by optimization inversion are close to the measured data. Figure 4 shows the isoline maps of the maximum horizontal principal stress of deep section. The general trend of distribution of the maximum horizontal principal stress is as follows: stress in the northern part is higher than that in the southern part; the highest stress occurs in Xialiaohe depression, which is in the northern part of the research area, while the lowest occurs in the central part; the stress decreases gradually from the southern part of Xialiaohe depression to Bozhong depression, which shows a relatively low stress in all its area; stress in the land parts of Jiyang depression and Chengning uplift is also somewhat low, but is higher than that in Bozhong depression. Figure 5 is the direction of horizontal principal stress. From Fig. 5 , it can be found that, the direction of maximum horizontal principal stress has obvious zoning characteristics. The horizontal principal stresses in Jiyang depression and the land parts of Chengning uplift and Huanghua depression are mainly compressive stress of E-W and S-N. For Bozhong depression and the marine parts of Chengning uplift and Huanghua depression, it is mainly NE compressive stress and NW tensile stress. The stress distribution of Xialiaohe depression is relatively complicated and the direction of compressive stress is changeable from NNE to EW. The minimum horizontal principal stress is mainly tensile stress, while the compressive stress can still be found near the depression boundary. The direction of maximum compressive stress meets well with that obtained by focal mechanism solution (Dong et al., 1999; Dong and Zhou, 2000) and GPS data Liu et al., 2006) . However, there are still some differences in the direction of the minimum horizontal principal stress, which is mainly affected by the direction of measured stress.
Measured --------------------------------------------------------------
Optimized ----------------------------------------------
CONCLUSION
The Hooke-Jeeves direct search method and finite element method are combined for the optimization inversion of the ground stress field of Bohai Sea and its adjacent area. And a plausible stress field can be obtained by this method with few measured data. The method is mainly based on the information of measuring points. When there are less measuring points, the optimization inversion result can be easily affected by the relative spatial positions of measuring point; when there are more measuring points with reasonable spatial distribution, the inversion errors can be obviously reduced. To improve measuring precision and to increase the number and the coverage of measuring points can improve the calculation precision effectively. 
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